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Abstract

As part of the Face Recognition Technology (FERET) program, the U.S. Army
Research Laboratory (ARL) conducted supervised government tests and evalu-
ations of automatic face recognition algorithms. The goal of the tests was to
provide an independent method of evaluating algorithms and assessing the
state of the art in automatic face recognition. This report describes the design
and presents the results of the August 1994 and March 1995 FERET tests. Results
for FERET tests administered by ARL between August 1994 and August 1996
are reported.
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1. Introduction

The primary mission of the Face Recognition Technology (FERET) pro-
gram is to develop automatic face recognition capabilities that can be em-
ployed to assist security, intelligence, and law enforcement personnel in
the performance of their duties. In order to achieve its objectives, the
FERET program is conducting multiple tasks over a three-year period
from September 1993. The FERET program is sponsored by the Depart-
ment of Defense Counterdrug Technology Development Program through
the Defense Advanced Research Projects Agency (DARPA), with the U.S.
Army Research Laboratory (ARL) serving as technical agent.

The program has focused on three major tasks. The first major FERET task
is the development of the technology base required for a face recognition
system.

The second major task, which began at the start of the FERET program and
will continue throughout the program, is collecting a large database of fa-
cial images. This database of facial images is a vital part of the overall
FERET program and promises to be key to future work in face recognition,
because it provides a standard database for algorithm development, test,
and evaluation. The database is divided into two parts: the development
portion, which is given to researchers, and the sequestered portion, which
is used to test algorithms.

The third major task is government-monitored testing and evaluation of
face recognition algorithms using standardized tests and test procedures.
Two rounds of government tests were conducted, one at the end of Phase I
(the initial development phase, ending in August 1994) and a second mid-
way through Phase II (the continuing development phase), in March 1995.
(A followup test was administered for one of the algorithms in August
1996; results are reported in app A.)

The purpose of the tests was to measure overall progress in face recogni-
tion, determine the maturity of face recognition algorithms, and have an
independent means of comparing algorithms. The tests measure the ability
of the algorithms to handle large databases, changes in people’s appear-
ance over time, variations in illumination, scale, and pose, and changes in
the background. The algorithms tested are fully automatic, and the images
presented to the algorithm are not normalized. If an algorithm requires
that a face be in a particular position, then the algorithm must locate the
face in the image and transform the face into the required predetermined
position.

The August 1994 evaluation procedure consisted of a suite of three tests.
The first test is the large gallery test. A gallery is the collection of images of
individuals known to the algorithm, and a probe is an image of an un-
known person presented to the algorithm. In the August 1994 test, the gal-
lery consisted of 317 individuals, with one image per person, and in the
March 1995 test, the gallery consisted of 831 individuals, with one image
per person. The differences between a probe image and a gallery image of




a person include changes in time (the images were taken weeks or months
apart); changes in scale; changes in illumination; and changes in pose.

Images in the FERET database were taken under semi-controlled condi-
tions. This is in contrast to many of the algorithms in the literature, where
results are reported for small databases collected under highly controlled
conditions.

The second and third tests are the false-alarm and rotation tests. The goal
of the false-alarm test is to see if an algorithm can successfully differentiate
between probes that are in the gallery and those not in the gallery. The ro-
tation test measures the effects of rotation on recognition performance.

As part of the FERET program, a procedure was instituted to allow re-
searchers outside the FERET program to gain access to the FERET data-
base (see app B for details).* Also, researchers can request to take the
FERET tests. Results of future tests will be reported in supplements to this
report that will be issued as needed.

Future FERET tasks will include the development of real-time systems to
demonstrate face recognition in real-world situations. These demonstra-
tion systems will provide the needed large-scale performance statistics for
evaluation of algorithms in real-world situations. This decision to proceed
with the development of real-time systems was based in part on the results
from the March 1995 test.

This report reviews algorithms developed under the FERET program and
the data collection activities, and reports on the results of the August 1994
and March 1995 government-supervised tests.

*At the time of the test, the FERET database was made available to researchers in the U.S. on a case by case basis. Dis-
tribution was restricted to the U.S. because of legal issues concerning the rights of individuals to their facial images.
As of May 1996, over 50 researchers had been given access to the FERET database.
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2. Overview

The object of the FERET program is to develop face recognition systems
that can assist intelligence, security, and law enforcement personnel in
identifying individuals electronically from a database of facial images.
Face recognition technology could be useful in a number of security and
law enforcement tasks:

* automated searching of mug books using surveillance photos, mug shots,
artist sketches, or witness descriptions;

* controlling access to restricted facilities or equipment;
* credentialing of personnel for background and security checks;

* monitoring areas (airports, border crossings, secure manufacturing facili-
ties, doorways, hallways, etc) for particular individuals; and

* finding and logging multiple appearances of individuals over time in sur-
veillance videos (live or taped).

Other possible government and commercial uses of this technology could
be

* verifying identity at ATM machines;
* verifying identity for the automated issue of driver’s licenses; and

* searching photo ID records for fraud detection (multiple driver’s licenses,
multiple welfare claims, etc).

The FERET program has concentrated on two scenarios. The first is the
electronic mug book, a collection of images of known individuals—in
other words, a gallery. The image of an individual to be identified (a probe)
is presented to an algorithm, which reports the closest matches from a
large gallery. The performance of the algorithm is measured by its ability
to correctly identify the person in the probe image. For example, an image
from a surveillance photo would be a probe, and the system would display
the photos of the 20 people from the gallery that most resembled the un-
known individual in the surveillance photo. The final decision concerning
the person’s identity would be made by a trained law enforcement agent.

The second scenario is the identification of a small group of specific indi-
viduals from a large population of unknown persons. Applications for this
type of system include access control and the monitoring of airports for
suspected terrorists. In the access control scenario, when an individual
walks up to a doorway, his or her image is captured, analyzed, and com-
pared to the gallery of individuals approved for access. Alternatively, the
system could monitor points of entry into a building, a border crossing, or
perhaps an airport jetway, and search for smugglers, terrorists, or other
criminals attempting to enter surreptitiously. In both situations, a large
number of individuals not in the gallery would be presented to the system.
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(1)

(2)
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The important system performance measures here are the probabilities of
false alarms and missed recognitions. A false alarm occurs when the algo-
rithm reports that the person in a probe image is in the gallery when that
person is not in fact in the gallery. A missed recognition is the reverse: the
algorithm reports that the person in the probe is not in the gallery when
the person is in the gallery, or identifies the person as the wrong person.

The primary empbhasis of the FERET program has been to establish an un-
derstanding of the current state of the art in face recognition from frontal
images and to advance it. Additionally, the program has established a
baseline for the performance of recognition algorithms on rotated facial
images. Later phases of the program will extend successful approaches to
the task of identifying individuals when facial features are presented in
any aspect from full front to full profile.

To address these tasks, a multiphase program was instituted by DARPA,
with ARL as the technical agent. In Phase I (September 1993 through Sep-
tember 1994), five contracts were awarded for algorithm development and
one contract for database collection. Phase II continued the database collec-
tion contract and exercised options on three of the algorithm development
contracts.

Before the start of the FERET program, there was no way to accurately
evaluate or compare the face recognition algorithms in the literature. Vari-
ous researchers collected their own databases under conditions relevant to
the aspects of the problems that they were examining. Most of the data-
bases were small and consisted of images of less than 50 individuals. No-
table exceptions were databases collected by three primary researchers:

Alex Pentland of the Massachusetts Institute of Technology (MIT) as-
sembled a database of ~7500 images that had been collected in a highly
controlled environment with controlled illumination; all images had the
eyes in a registered location, and all images were full frontal face views.

Joseph Wilder of Rutgers University assembled a database of ~250 indi-
viduals collected under similarly controlled conditions.

Christoph von der Malsburg of the University of Southern California
(USC) and colleagues used a database of ~100 images that were of con-
trolled size and illumination but did include some head rotation.




3. Database

A standard database of face imagery is essential for the success of this
project, both to supply standard imagery to the algorithm developers and
to supply a sufficient number of images to allow testing of these algo-
rithms. Harry Wechsler at George Mason University (GMU) directed the
effort to collect a database of images for development and testing (contract
number DAAL01-93-K-0099).

The images of the faces are initially acquired with a 35-mm camera. The
film used is color Kodak Ultra. The film is processed by Kodak and placed
onto a CD-ROM via Kodak’s multiresolution technique for digitizing and
storing digital imagery. At GMU, the color images are retrieved from the
CD-ROM and converted into 8-bit gray-scale images. After being assigned
a unique file name, which includes the subject’s identity number, the im-
ages become part of the database. The identity number is keyed to the per-
son photographed, so that any future images collected on this person will
have the same ID number associated with the images. The images are
stored in TIFF format and as raw 8-bit data. The images are 256 pixels wide
by 384 pixels high. Attempts were made to keep the interocular distance
(the distance between the eyes) of each subject to between 40 and 60 pixels.
The images consist primarily of an individual’s head, neck, and sometimes
the upper part of the shoulders.

The images are collected in a semi-controlled environment. To maintain a
degree of consistency throughout the database, the same physical setup is
used in each photography session. However, because the equipment must
be reassembled for each session, there is some variation over collections
from site to site (fig. 1).

The facial images were collected in 11 sessions from August 1993 through
December 1994. Sessions were primarily conducted at GMU, with several
collections done at ARL facilities. The duration of a session was one or two
days, and the location and setup did not change during a session. Taking
the images at different locations introduced a degree of variation in the
images from one session to another session, which reflects real-world
applications.

A photography session is usually performed by a photographer and two
assistants. One assistant briefs each volunteer and obtains a written release
form (see app C). (A release form is necessary because of the privacy laws
in the United States.) The other assistant directs the subject to turn his or

Figure 1. Examples of variations among collections.
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Figure 2. Possible
aspects collected of
subject face.
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her head to the various poses required. The images were collected at dif-
ferent locations, so there is some variation in illumination from one session
to another. A neutral colored roll of paper was used as a standard back-
ground in the images. Subjects wearing glasses were asked to remove
them.

The photographs were collected under relatively unconstrained condi-
tions. For the different poses, the subjects were asked to look at marks on
the wall, where the marks corresponded to the aspects defined below.

Some questions were raised about the age, racial, and sexual distribution
of the database. However, at this stage of the program, the key issue was
algorithm performance on a database of a large number of individuals.

A set of images of an individual is defined as consisting of a minimum of
five and often more views (see fig. 2 and 3). Two frontal views are taken,
labeled fa and fb. One is the first image taken (f2) and the other, fb, usually
the last. The subject is asked to present a different facial expression for the
fb image. Images are also collected at the following head aspects: right and
left profile (labeled pr and pl), right and left quarter profile (g7, gl), and
right and left half profile (hr, hl). Additionally, five extra locations (ra, b,
rc, rd, and re), irregularly spaced among the basic images, are collected if
time permits. Some subjects also are asked to put on their glasses and/or
pull their hair back to add some simple but significant variation in the
images.

Each individual in the database is given a unique ID number. The ID num-
ber is part of the file name for every image of that person, including im-
ages from different sets. In addition, the file name encodes head aspect,
date of collection, and any other significant point about the image col-
lected; table 1 gives a detailed description of the image name convention.

Camera ql

Subject




rd

Figure 3. Typical set of images collected in one sitting.

Table 1. Image file Example file name: 00346hr001c .931230
name description. | | | | I | | ] I | |
a b ¢ d e
Seg- Category Code Explanation
ment
a ID No. nnnnn Unique for each individual.
Pose fa Full face or frontal: first shot.
fb Full face or frontal: last shot.
gr, ql Quarter profile, right and left.
hr, hi Half profile, right and left.
pr, pl Full profile, right and left.

ra, rb, rc,rd, re  Arbitrary (random) positions (see fig. 1).

c Special flags  (Left flag) Image not releasable for publication.

Image may be used for publication if authorized.
ASA-200 negative film used for collection.
ASA-400 negative film used for collection.
Image not histogram adjusted.

Image histogram adjusted.

(Right flag)

(Middle flag)

_—O = O = O

Glasses worn.

Duplicate with different hair length.

Glasses worn and different hair length.
Electronically scaled and histogram adjusted.
Clothing color changed electronically.

Image brightness reduced by 40%.

Image brightness reduced by 60%.

Image scale reduced 10%.

Image scale reduced 20%.

Image scale reduced 30%.

d Special
circumstances

=T T QA n o

e Date yymmadd Date image taken.

13
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A set of images is referred to as a duplicate set if the person in the set is in
a previously collected set. Some people have images in the database span-
ning nearly a year between their first sitting and their most recent one. A
number of subjects have been photographed several times (fig. 1).

At the end of Phase I (August 1994), 673 sets of images had been collected
and entered into the imagery database, resulting in over 5000 images in the
database. At the time of the Phase II test (March 1995), 1109 sets of images
were in the database, for 8525 total images. There were 884 individuals in
the database and 225 duplicate sets of images.

The primary goal of the image collection activities in the fall of 1994 was to
support the March 1995 test. Approximately 300 sets of images were given
out to algorithm developers as a developmental data set, and the remain-
ing images were sequestered by the government for testing purposes.

As an aid in the evaluation of the algorithms’ robustness with respect to
specific variables, the sequestered database was augmented with a set of
digitally altered images. The database collectors changed the illumination
levels of 40 images by using the MATLAB Image Processing Tool Box com-
mand “brighten (),” using values of 0.4 and -0.6 to create images with the
illumination levels reduced by approximately 40 and 60 percent, respec-
tively. The function that changes the illumination is nonlinear. To test sen-
sitivity to scale changes, they electronically modified 40 images to show
10-, 20-, and 30-percent reductions of scale along each axis, using the
MATLAB Image Processing Tool Box command “imresize ().” This com-
mand uses a low-pass filter on the original image to avoid aliasing, and bi-
linear interpolation to find each pixel density in the reduced image. This
approximates obtaining the images at a greater distance from the camera.
Finally, using Adobe Photoshop’s paint brush tool, the database collectors
electronically modified portions of clothing in several of the images to re-
verse the contrast. We had this done to see if any algorithms were using
cues from clothing for recognition.




4. Phasel

4.1

4.2

Algorithm Development

The FERET program was initiated with an open request for proposals
(RFP); 24 proposals were received and evaluated jointly by DoD and law
enforcement personnel. The winning proposals were chosen based on their
advanced ideas and differing approaches. In Phase ], five algorithm devel-
opment contracts were awarded. The organizations and principal investi-
gators for Phase I were

MIT, Alex Pentland (contract DAAL01-93-K-0115);
Rutgers University, Joseph Wilder (contract DAAL01-93-K-0119);

The Analytic Science Company (TASC), Gale Gordon (contract DAALO1-
93-K-0118);

University of Illinois at Chicago (UIC) and University of Illinois at Urbana-
Champaigne, Lewis Sadler and Thomas Huang (contract DAAL01-93-K-
0114); and

USC, Christoph von der Malsburg (contract DAAL01-93-K-0109).

Only information and results for contracts that were extended into Phase II
are given in this report; for brief descriptions of the individual approaches,
see appendix C.

Test Procedure

Three distinct tests were conducted, each with its own probe and gallery
set. The large gallery test evaluates the algorithm performance on a large
gallery of images, the false-alarm test evaluates the false-alarm perfor-
mance of the algorithm, and the rotation test was designed to baseline al-
gorithm performance on nonfrontal (rotated) images.

TASC and USC were tested on 1 to 3 August 1994, and MIT, UIC, and
Rutgers on 8 to 10 August 1994. Government representatives arrived at
each of the testee’s sites to administer the test. The government representa-
tive brought two 8-mm computer data tapes for each test to the con-
tractor’s site. The first tape of each test contained the gallery, and the sec-
ond tape contained the probe images.

All images were processed while the government representative was
present. Results from the test were recorded, and the government repre-
sentative took the results back to the government facilities for scoring.
At the conclusion of the test, both the gallery and probe data were re-
moved from the testee’s computer system and the tapes returned to the
government. '
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4.3

To ensure that matching was not done by file name, the government gave
the gallery and probe sets random file ID numbers, and kept the links be-
tween the file name and ID number from the contractors by supplying
only the ID number as the labels for the gallery and probe sets for the test.

A “pose flag” was also supplied for each image, as this information would
be expected from the hypothetical “face detection” front-end that supplies
the localized faces to the classification algorithm. The pose flag tells the
pose of the face in the image at the time of collection. The flags are fs, g1, gr,
hl, hr, pl, and pr—the same pose flags as in the FERET database.

The computation time of the algorithms was not measured or considered
as a basis for evaluation. However, the algorithms had to be able to per-
form the tests on a few standard workstation-type computers over three
days. The rationale for this restriction was to ensure that an algorithm was
not so computationally intensive as to preclude it being implemented in a
real-time system.

Test Design

The August 1994 FERET evaluation procedure consisted of a suite of three
tests designed to evaluate face recognition algorithms under different con-
ditions. The results from the suite of tests present a robust view of an
algorithm and allow us to avoid judging algorithm performance by one
statistic.

The first test, the large gallery test, measures performance against large
databases. The main purpose of this test was to baseline how algorithms
performed against a database when the algorithm had not been developed
and tuned with a majority of the images in the gallery and probe sets.

The second test, the false-alarm test, measures performance when the gal-
lery is significantly smaller than the probe set. This test models monitoring
an airport or port of entry for suspected terrorists where the occurrence of
the suspects is rare.

The third test, the rotation test, baselines performance of the algorithm
when the images of an individual in the gallery and probe set have differ-
ent poses. Although difficult, this is a requirement for numerous applica-
tions. This test was used only to establish a baseline for future compari-
sons, because the rotation problem was out of the scope of the FERET
program.

The algorithms tested are fully automatic. The processing of the gallery
and the probe images is done without human intervention. The input to
the algorithms for both the gallery and the probe is a list of image names
along with the nominal pose of the face in the image. The images in the
gallery and probe sets are from both the developmental and sequestered
portions of the FERET database. Only images from the FERET database are
included in the test. Algorithm developers were not prohibited from using
images outside the FERET database to develop their algorithms or tune
parameters in their algorithms. The faces in the images were not placed in




Table 2. Type and
number of images
used in gallery and
probe set for large
gallery test.

a predetermined position or normalized. If required, prepositioning or
normalization must be performed by the face recognition system.

The large gallery test examines recognition rates from as large a database
as was available at the time. The probe set consists of all the individuals in
the gallery, as well as individuals not in the gallery. For this test, the gal-
lery consisted of 317 frontal images (one per person), and the probe set
consisted of 770 faces; table 2 gives a breakdown of the gallery and probe
images by category.

Each set of facial images includes two frontal images (fz and fb images), as
shown in figure 3. One of these images is placed in the gallery and referred
to as the FA image. The frontal image that is not placed in the gallery is
placed in the probe set and called the FB image. The image (fa or fb) to be
designated the FA image can be selected manually or randomly. In the
August 1994 test, all the fa images were selected to be the FA images. In the
March 1995 test, the process was random, with a 50/50 chance of the fa or
fb image being selected as the FA image.

For diagnostic purposes, 48 FA images were placed in the probe set. For
these images, the algorithms should produce exact matches with their cop-
ies in the gallery. Some probe images were not in the gallery, by which we
mean that the person whose image was in the probe was not in one of the
gallery images. Duplicate images are images of people in the gallery taken
from a duplicate set of images of that person (see sect. 3 for a definition
and description of duplicate sets of images). All the duplicates are frontal
images. Quarter and half rotations are those images with head rotation as
indicated (hl, hr, gl, and gr, as shown in fig. 2 and 3). The remaining cate-
gories consist of the electronically altered frontal images discussed in
section 3.

Image category Number
Gallery images:
FA frontal images 317
Probe images:
FA frontal images 48
FB frontal images 316
Frontal probes not in gallery 50
Duplicates 60
Quarter rotations 26
Half rotations 48
40% change in illumination 40
60% change in illumination 40
10% reduction in scale 40
20% reduction in scale 40
30% reduction in scale 40
Contrast-reversed clothes 22
Total probes 770
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Table 3. Type and
number of images
used in gallery and
probe set for false-
alarm test.

Table 4. Type and
number of images
used in gallery and
probe set for rotation
test.
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The false-alarm test evaluates the false-alarm performance of the algo-
rithms. The system is presented with a small gallery and a large probe set,
with many individuals unmatched in the gallery. All images for this test
were full frontal face images. For this test, a gallery of 25 frontal faces (one
image per person) was supplied. The probe set consisted of 305 images;
table 3 gives the type and number of the various images.

We conducted the rotation test to examine algorithm robustness under
head rotations. A gallery of 40 quarter-rotated (gr or 4! images) and 40 half-
rotated (hl or hr) images (one per person) was supplied and tested with the
probe set defined in table 4.

Because the approach that TASC uses requires matched face/profile pairs
(see app C), TASC could not use the same test gallery and probe sets.
Therefore, a special test set was generated for evaluating the performance
of the TASC approach. For the large gallery test, the gallery consisted of
266 image pairs, with the probe set defined in table 5. For the August 1994
test, the reporting of confidence values was optional, and TASC elected
not to report the confidence scores. Thus, it was not possible to construct a
receiver operator curve (ROC) for TASC, and results are not reported for
the false-alarm test. (The decision to construct an ROC was made after
TASC took the test.) Because the TASC algorithm required frontal/profile
pairs, it could not be tested for rotation. Hence, the rotation test was not
taken.

Image category Number
Gallery images:
FA frontal images 25
Probe images:
FB frontal images 25
Frontal probe images not in gallery 204
40% change in illumination 10
60% change in illumination 9
10% reduction in scale 19
20% reduction in scale 19
Contrast-reversed clothes 19
Total probes 305
Image category Number
Gallery images:
Quarter rotations 40
Half rotations 40
Total gallery 80

Probe images:
Quarter rotations (gr,gl) 85
Probes not in gallery (fa,fb,qr,ql,hl,hr) 50
Intermediate rotations (fa,fb,hl,hr) 90

Total probes 225




Table 5. Type and
number of images
used in gallery and
probe set in large
gallery test for TASC.

4.4

4.5

Image category Number
Gallery images:
FA frontal profile image pairs 266
Probe images:
Frontal profile image pairs 249
FB frontal profile pairs not in gallery 25
40% change in illumination 10
60% change in illumination 8
10% reduction in scale 14
20% reduction in scale 14
30% reduction in scale 28
Total probes 378
Output Format

The contractors were requested to supply the test results in an ASCII file in
the following format: the probe ID number being tested, a rank counter,
the gallery ID number of a match, and a false-alarm flag that indicates
whether the algorithm determined that the probe was in the gallery or not
(1 if the algorithm reported that the probe was in the gallery and 0 if the
probe was reported as not in the gallery). Also requested was the confi-
dence score of the match; see table 6 for an example of an output file. The
score of the match is a number that measures the similarity between a
probe and an image in the gallery. Each algorithm used a different meas-
ure of similarity, and it is not possible to directly compare similarity meas-
ures between different algorithms. Reporting the similarity measure was
optional on the August 1994 test. All algorithm developers except for
TASC reported this number. For the August 1994 large gallery test, all al-
gorithm developers reported the top 50 gallery matches in ranked order
for each probe. For the false-alarm test, the top 25 (the size of the gallery)
were reported, and in the rotation test, the top 25 were reported.

No testing was done to determine how the algorithms would respond to a
face-like piece of clutter that might be forwarded to the recognition algo-
rithm from the face detection front-end. Tests of this nature will have to
wait until detection and recognition algorithms are interfaced together in a
full demonstration system.

Calculation of Scores

The results for the FERET phase I and II tests are reported by two sets of
performance statistics. One is the cumulative matched versus rank (cumu-
lative match) and the other is the receiver operator curve (ROC). Both
scores are computed from the output files provided by the algorithm de-
velopers (sect. 4.4). The selection of which score is computed depends on
the test and analysis being performed.

The performance results for the large gallery test and the rotation test are
reported by a graph of the cumulative match score. Performance scores are

19




Table 6. Example of a Probe |D number

results file.
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Matched gallery ID number

Rank False alarm flag
T_I T I\_/Ilgtching score

13 45 1 87.34
12 45 1 7545
1 3 111 1 67.23

150 231 0 11.56

reported for a number of subsets of the probe set. It is not possible to com-
pute the cumulative match score for the entire probe set, because the probe
set contains probes that are not in the gallery. For the large gallery test, we
report the cumulative match score for the subset of all probes that have a
corresponding match in the gallery and for all categories listed in table 2
(sect. 4.3), except the FA versus FA category. Probes not in the gallery are
not counted towards the cumulative score.

In the large gallery test, each algorithm reports the top 50 matches for each
probe, provided in a rank-ordered list (table 6). From this list one can de-
termine if the correct answer of a particular probe is in the top 50, and if it
is, how far down the list is the correct match. For example, for probe 1, if
the correct match is with gallery image 22, and the match between probe 1
and gallery image 22 is ranked number 10 (the algorithm being tested re-
ports that there are nine other gallery images that are better matches than
gallery image 22), then we say that the correct answer for probe 1 is rank
10.

For a probe set we can find for how many probes the correct answer is
ranked 5 or less. In the previous example, probe 1 would not be counted.
The figures in this report show the percentage of probes that are of a par-
ticular rank or less. The horizontal axis is the rank, and the vertical axis the
percentage correct. For example, for the MIT curve in figure 4 (sect. 4.6),
the first box indicates that the correct answer was rank 1 for 80 percent of
the probes, the box at position 2 indicates that the correct answer was rank
1 or 2 for ~82 percent of the probe images, that ~87 percent of the probes
were of rank 10 or less, etc.

The following formula is used to compute scores for a given category. To
make the explanation concrete, we use the class of duplicate images in the
large gallery test. Let P be a subset of probe images in the probe set; e.g., P
is the set of duplicate images in the large gallery test for USC. The number
of images in P is denoted by | P| ; in this example | P| is 50. Let R, be the
number of probes in P that are ranked k or less; e.g., if k = 10, then R, =43.
Thus, the percentage of probes that are rank k or less is R;/P, or in the ex-
ample case, R;y/ | P =43/50 = 0.86 (fig. 6, sect. 4.6).

For the false-alarm test, an ROC is used to evaluate the algorithms. The
ROC allows one to assess the trade-off between the probability of false




alarm and the probability of correct identification. In the false-alarm test,
there are two primary categories of probes. The first are probes not in the
gallery that generate false alarms. A false alarm occurs when an algorithm
reports that one of these probes is in the gallery. The false-alarm rate is the
percentage of probes not in the gallery that are falsely reported as being in
the gallery. The false-alarm rate is denoted by Pr. The second category of
probes is the set that is in the gallery. This set, characterized by the per-
centage of these probes that are correctly identified, is denoted by P;. The
pair of values P;and Py describe the operation of a system in an open uni-
verse; in an open universe, not every probe is in the gallery.

There is a trade-off between Ppand P,. If every probe is tagged as a false
alarm, then Pr = 0 and P; = 0. At the other extreme, if no probes are de-
clared to be false alarms, then Py = 1 and P; is the percentage of probes in
the gallery with a rank 1. For an algorithm, performance is not character-
ized by a single pair of statistics (P},Pr) but rather by all pairs (P,,Pp), and
this set of values is an ROC (see fig. 16, sect 4.6.2: the horizontal axis is the
false-alarm rate and the vertical axis the probability of correct identifica-
tion). From the ROC it is possible to compare algorithms.

Say we are given algorithm A and algorithm B, along with a false-alarm
rate for each, P, and P,%, and a probability of correct identification for
each, P and P5. Algorithms A and B cannot be compared from the per-
formance points (P, P;) and (P2, P;P). This is especially true if (P, P;%)
and (P, P.B) are not close in value. The two systems may be operating at
different points on the same ROC, or, for different values of Pror P;, one
algorithm could have better performance.

For each Py or P, an optimal decision rule could be constructed to maxi-
mize performance for the other parameter. For testing and evaluating al-
gorithms, it is not practical to construct an ROC in this manner, and an ap-
proximation is used. For each probe, the algorithm reports the person in
the gallery with which the probe is most similar, along with a confidence
score. The test scorer obtains this information from the results file by read-
ing the information about the highest ranked gallery image. Assume that a
high confidence score implies greater likelihood that images are of the
same person. Apply a threshold to the confidence score. The algorithm re-
ports that the probe is not in the gallery if the confidence score is below the
threshold. If the match score is greater than or equal to the threshold, then
estimate the identity of the probe as the gallery image with the highest
confidence score. A false alarm is a probe whose match score is greater
than or equal to the threshold and is not in the gallery. Let F denote the
number of false alarms. The probability of a false alarm is Pr = F/F*, where
F* is the number of probes in the probe set that are not in the gallery. A
probe in the gallery is correctly identified if the algorithm reports the cor-
rect identity, and the match score is greater than or equal to the threshold.
The probability of correct identification is P; = [ /I*, where [ is the number
of probes correctly identified, and I* is the number of probes in the probe
set that are in the gallery.
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4.6

4.6.1

We generated the ROC by varying the threshold and recomputing Py and
P, for each threshold. Initially, the threshold is set higher than the highest
match score. This will generate the point Pr = 0 and P; = 0. The threshold is
incrementally lowered, and for each value, Py and P;are computed. The
process of lowering the threshold will sweep out the ROC, and Prand P,
will monotonically increase.

Results*

Large Gallery Test Performance

The results for the large gallery test are reported as cumulative match ver-
sus rank. Scores are presented for overall performance and for a number of
different categories of probe images. Table 7 shows the categories corre-
sponding to the figures presenting these results (fig. 4 to 15).

Figure 4 reports overall performance, where the probe set consisted of all
probes for which there was a gallery image of the person in the probe. This
includes the FA, FB, duplicate, rotation, and electronically altered images.
The figure indicates the number of probe images scored for this category:
e.g., for MIT there were 770 probes in the overall category, and for TASC
there were 378 probes. This information is provided for all the figures. All
scores in figures 4 and 6 to 15 were adjusted to take into account an error in
the construction of the test set: 180 images that did not meet the require-
ments for the Phase 1 effort were mistakenly included in the gallery and
had to be removed from all the scored results; in these images, the face
took up much less of the field of view than had been specified. The annota-

Table 7. Figures reporting results for large gallery test.

Figure Category Description
no. title of category
4 Adjusted overall match  Score for all probes in gallery, adjusted for 180 probes placed by
mistake in probe set.
5 Unadjusted overall match Score for all probes in gallery including 180 probes placed by
mistake in probe set.
6 Duplicate match Given a duplicate frontal image, find frontal match.
7 FA versus FB match Given FB frontal image, find frontal match from same set.
8 Quarter match Given quarter profile, find frontal match.
9 Half match Given half profile, find frontal match.
10 10% scale match Given an image reduced by 10%, find frontal match.
11 20% scale match Given an image reduced by 20%, find frontal match.
12 30% scale match Given an image reduced by 30%, find frontal match.
13 40% illumination match  Given an image with brightness reduced to 40%, find frontal match.
14 60% illumination match  Given an image with brightness reduced to 60%, find frontal match.
15a  Clothes change—dark Given an image with clothing contrast changed darker than original,
find match.
15b  Clothes change—light Given an image with clothing contrast changed lighter than original,
find match.

"Results are presented only for contractors whose funding was continued into Phase I1.
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4.6.2

4.6.3

Figure 4. Large
gallery test: overall
scores, adjusted
(August 1994).

tion “adjusted” in the figures indicates that the scores were adjusted for
this reason. However, MIT and USC voluntarily took the test with these
more difficult images. Figure 5 shows a comparison of the overall perfor-
mance on the uncorrected set of images, along with that for the adjusted
set of probes. Figure 6 shows the performance on the duplicate frontal im-
ages. These scores are also adjusted for images that were unreadable be-
cause of computer media damage. Figure 7 shows the performance on the
FB frontal images.

Figures 8 to 15 show performance for each of the remaining categories
from table 2, except for the FA images and probes that are not in the

gallery.

False-Alarm Test Performance

Figure 16 shows the ROC generated from the false-alarm test. We adjusted
these values also to remove images that were unreadable because of com-
puter media damage. We report only overall performance results for the
entire probe set.

Rotated Gallery Test Performance

Figure 17 shows the results for the test examining the algorithms’ robust-
ness under nonfrontal images in the gallery (also adjusted to omit unread-
able images). We report only overall performance results for the entire
probe set.
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o
T T y T T v T wn
1 t ' 1 L. 1 1 )
' ' 1 ' 14 1 1 '
1 ' ' ' 1] l '
' ] 1 ' 'Y 2 I+ [l
v d ' 1 (D ¢ "o '
- L B LI (DR TR S, r em%|v1v||
1 ' ' [l K- "\2a '
' ' [ ' 1 4 | e 1
¥ [ 0 1 1 4 ja '
) 1 1 L} —t 1 N¢ 1 0
' ' ' ' ' ' '
- .|||||.|||..._Am .nullll_..lilﬂmmmll. lllll <
' ' [ =) ' 1P T B O™ '
i ] 5 ' .:w [} O] 1
1 ¢ (e o 1 _:° 1 t
' ' [ ' 1 4 ' = f
' ' 9 L 1 ' < [
- - III‘I_Illl_Il II—"I' III_I II_ IIIII
I} v 1 1 ) ]
1 1 ' ' ' '
' [ ' ' ' '
1 1 L} 1 1 )
o
.- SR N . D G [ T
1 1 3
t '
1 1
L} ]
l '
- - Lo Tt T P .-
1 1
% ' '
U 1 1
i 1
o 1 1 o
- - L it b TR TR ¢ S r---41&
1 t
i ‘
] 1
& 1
1 1
- - i B e TTID < N0 S A
| '
H 1
' 1
t t
' 1 QO
i 2 E i B Tl e ) e IR -
' 1
] ¥
' ' ]
' ¢
! L A IR | q'- - - - |
=~ 7 lllil—‘.l‘i_ll - - ) .—
' ' ' M .
' ' [ ' S
1 1 t : O
1 1 1 1 g
. L N " " o
o o o (=] (@] o o o
K @ » I § & = 8
o o o o o (=] o o

1.00

8100S Yojew aAleINWND

Rank

Figure 8. Large gallery test: quarter profile scores, adjusted (August 1994).

25




o
3 T wn
\ X J X % P “ ” © ' “ .. [ 1 ' ' ' [
' X X X . ] ' [ ' 1 t ' 1 ' 1 l
- \ _ _ . 3 ' L ' [ ' ' 1 ' [
X . . .. .. 1 1 + [ ' ' 1 v ﬂ‘..h
- ’ ' - f
3 e S - S e S R i 3
oo e“|n|n4|| . 1 \ ' ko ezm ' f ' f 1 | ' -
2N ' ‘ ' 2N _ _ _ _ _ , _ =
e \ ‘ . _ . X m ] ] [ 1 ' 77}
A 1 1 ¥
a . . _ . . ! ' a d ' ' v 1 [ ' =]
' 1 ' ! " o X . . ' , [ S PR NN m %))
g R . Sl i .||||,||||.||||. ||||| < - A.“_-n_-lw.e e e S 1 ' ' =
TleR2 : = ® e .EZ” ' ' ' 1 ' [ 1 A
wﬂm ! ' N D 4§ ! mﬂs ] ] ] ] [ 1 ' N
LA _ . 2 Lo _ _ _ _ _ L =
. ” = ) 1 1 ' ' 1 ' 1 ' @
= . [ ® | =11 ' ' ' R R TR S =
-3 B . T it el Elb bl L 402 - - - - B - - : X :
gl L B " B (B 3 AR R A 2
| ' ] 1 ' [ ' 1 ' [ ' [ [ o]
_ : _ ' A D § ' [ 1 + ' 1 1 1 ' al
X X " ' o ~~ ™®0 e t 1 ¢ 1 [ 1 1 ' _r o )
N SRR S D SERTRRSE R > - S 1 ¢ O A R It it o = = = - - -
..... SRS SN S S L T T 2 T R e e R it s 9
_ _  Q . 0 1 ' ) 1 ' ' ' ' 1 [=]
. . 2 . 3 P | 1 ' ' 1 ' ] 1 ' n.S..
X X V2 " .ml < ’ ' [ 1 ' ' ' f 1 ~
. _ .O £ K ' w 1 ' [ [ ' ' [ s =
X X . X _ 5 < Ll-.r._||..|¢||~|_||||o||||.|||..o||||.||||.|||| a.m
uuuuu Ty Tty T v v o ) - Wy. 1 ' [ ' ' ' ' rC =
. _ . \ . ; o« % y , 5. [ [ [ ' ' ' ' nu»
X X X - X _ = ) , R- 1 1 t 1 L} ) 1 d
. \ . ; . “ S ) " q [ [ ' f ' ' [ o
X X \ X | 1 “ o 9 ' [l 1 ] ' ‘ f _||. o =
_ _ ; \ _ 18 EIEED RIS B et IR St Sl St Bt N ©
||||| oot R o k 'S _ [ [ ' ' 1 ¢ ) —
. . _ _ . fie 1§ X X ' [ ' [ ' ' ~
' ' | ' ' tm ) ' ' “ _ _ . ! ! . “
‘ ' ' ' ' e 4 [ ' _ ! ' ! ' _ X »
. \ ; _ . o Y ” " 4 1 [ ' [ L T S 0/
|_||l|_|||..|.|||l_ ||||||||||||| . 4 St S Anlll_l—v||_||l||_||||_||||ﬂ|..||_||||.||| f T o
T \ . _ .ﬂm b O 1 ' [ ' ‘ [ ' 